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Summary  /  Overview 

The  first  balHstic  range  of  the  plasmogasdynamic  laboratory  of  Ioffe  Physico- 
Technical  Institute  has  been  created  in  1953.  It  was  intended  for  investigations  of 
the  drag  and  the  flow  around  bodies  in  the  firee  flight  at  sub-,  super-  and  hypersonic 
velocities  [1].  At  present  the  experimental  base  of  the  laboratory  consists  of  two 
hypersonic  ballistic  ranges  and  the  shock  tube  of  the  electrical  discharge  type 
[2-4]. The  installations  are  used  to  investigate  aerodynamic  characteristics  of 
different  bodies  and  the  flow  around  the  bodies  in  various  media;,  properties  of 
shock  waves  propagating  in  thfferent  gases  and  plasma;  the  hypersonic  wake  behind 
flying  bodies;  the  shock  waves-moving  and  motionless  bodies  interaction;  the 
interaction  of  flying  bodies  with  the  heat,  plasma  md  blast  heterogeneities  as  well 
with  motionless  obstacles  and  etc. 

In  flie  report  we  adduce  the  brief  description  of  the  experimental 
installations  of  the  laboratory  and  discuss  die  xesults  of  studying  flie  anomalous 
phenomena  arising  under  the  ^ock  waves  and  bodies  movement  in  reacting  gases 
and  in  low  temperature  gas  discharge  plasma. 

When  moving  shock  waves  mid  bodies  in  reacting  gases  at  the  regimes  of  the 
anomalous  relaxation,  it  is  appeared  the  instabilify  of  shock  waves,  the  flow  behind 
the  shock  waves  and  the  inviscid  wake  behind  flyn^  bodies  become  turbulent,  it  is 
changed  the  drag  of  a  body  and  the  heat  flux  on  its  surface,  it  is  observed  the 
anomalous  emission  and  so  on. 

While  moving  shock  waves  and  bodies  in  low  temperature  gas  discharge 
plasma,  it  is  expended  the  velocities  range  with  the  subsonic  regime  of  the  flow 
around  bodies,  it  is  changed  the  drag  the  pressure  distribution  and  the  heat  flux,  the 
velocity  of  the  shock  waves  propagation  increases,  the  shock  wave  structure 
changes  and  so  forth. 

All  the  phenomena  are  caused  by  nonequilibrium  physico-chemical  processes 
in  plasma  or  in  reacting  gases  when  shock  or  sonic  waves  are  propagating  in  these 
media.  In  this  report  it  is  analyzed  all  the  complex  of  anomalous  phenomena  which 
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occur  when  moving  shock  waves  and  bodies  in  reacting  gases  or  in  plasma  and  is 

discussed  the  nature  of  these  phenomena. 

Technical  Discussion 

1 .  Experimental  installations 

In  this  section  it  is  adduced  the  description  of  the  experimental  installations  of 
the  plasmogasdynamic  laboratory  of  Ioffe  Physico-Technical  Institute  [2-4] . 

The  scheme  of  one  of  them  (the  ballistic  range  BU-88  FTI  RAN  [2])  is  shown 
in  Fig.l .  This  installation  is  destined  for  studying aerodynamm  tdiaracteristics  and 
the  flow  around  boxiies  in  various  gases  and  plasma  under  sub-^  super-  and 
hypersonic  velocities  of  n  flight  As  it  is  seen  on  FigT  the  installation  consists  of 
the  powder  gun  (  the  muzzle  velocity  V<  2^  km/s,  Ae  calibres  of  test  models 
d=10-30mmX  Ae  system  of  cutting  off  parts  of  the  case  from  the  flying  model  (t^ 
case  protects  the  model  fr:om  the  damage  under  its  movement  through  tiie  barrel) 
the  pressurized  chamber  ( the  length  -l  lm,  the  inner  diameter  -G,3m).  the  optical 

and  electronic  apparatus  and  the  bullet  collector. 

Experiments  are  carried  out  in  the  following  way:  tiie  test  model  is  mounted 
in  the  barrel  at  the  required  angle  of  attpck-by  means  of  the  composite  case  Jthe 
composite  design  of  the  case  facihtates  flie  separation  its  parts  from  tiie  fired 
model).  The  barrel  is  evacuatedup  to  the  forvacuum  and  then  the  model  is  shot. 

The  shot  model  is  separated  from  details  of  tiie  case  and  is  flying  into  the 
pressurized  chamber  which  is  filled  up  working  gas.  In  the  flight  tiie  test  model 
usually  oscillates  relatively  to  the  zero  cr  balance  an^e  of  attack.  The  entrance 
velocity  of  the  model  in  flie  pressurized  chamber  can  change  witii  fiie  powder 
weight  from  0 . 1 5km/s  to  2.5km/s.The  working  range  of  the  pressure  is  50-3  •  10  Pa. 
The  experiments  are  conducted  in  any  gases,  mixture  of  gases  and  plasma.  And  so 
in  experiments  it  is  reproduced  the  numbers  M  and  Re  near  to  the  full-scale  ones 
(see  Fig.2).  In  case  in  experiments  it  is  used  gases  having  the  sonic  velocity  less 
than  the  freon-12  one, numbers  M  up  to  25  canbe  obtained  at  the  mstallation. 

Having  flown  in  tiie  pressurized  chamber  tiie  test  model  is  bemg 
photographed  successively  by  the  shadow  or  Toeplers  methods  m  two  mutual 
perpendicular  directions  in  17  points  of  the  track.  The  scheme  of  photographing  is 

shown  in  Fig.3.  \  i  a 

Impulse  light  sources  1  (  the  duration  of  the  lummescence  ~40ns)  are  placed 

in  foci  of  objectives  2  (  we  use  flie  objectives  T-llM  with  the  focal  distance 
1200mm,  the  relative  aperture  1:9  and  Telemar  TM  with  1000mm,  l:7).Gwing  to  it 
we  attain  the  parallehsm  of  the  h^t  beams  which  cross  the  working  zone  of  the 
installation  (the  zone  of  the  registration  of  the  flying  model).  The  working  zone  is 
enlightened  in  two  directions  through  the  ^ass  windows  4  of  pressurized  chamber 
7.  There  are  the  coordinate  systems  5  on  the  external  side  of  windows,  fliey  are  the 
crossed  tight  steel  strings.  The  turn  -mirrors  3  are  intended  for  the  diminution  of  the 
cross-gabarit  of  the  installation.  The  objective  8  placed  the  two  focal  distance  from 
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the  pressurized  chamber  axis  images  the  flying  model  in  the  plane  which  is 
disposed  the  two  local  distance  from  this  objective  .  In  this  plane  it  is  placed  a 
photocassete  10  if  it  is  necessary  to  obtain  the  schlieren  photograph.  There  is  an 
optical  knife  9  in  the  focus  of  the  objective  8  serving  for  the  increase  of  sensibility 
of  the  schheren  system.  The  ordinary  shadow  photographs  nre  received  if  the 
cassettes  are  placed  in  the  position  6.The  scale  of  flie  photographs  is  1:1  m  both 

The  flying  model  is  photographed  automatically  by  means  of  the 
synchronizing  apparatus  Revised  in  our  institute  [6,8].  Flying  m  tiie  pressurized 
chamber  the  model  £red  by  the  ^  is  crossing  narrow  bunches  of  fee  h^t  emitted 
by  fee  slit  sources  of  the  Kght  i,  (  Fig.l).  It  is  caused  fee  change  ^f  fee  dlummance 
of  photocathodes  of  photomultiphers  #M)f  .  which  are  disposed  at  fee  opposite 
side  of  the  installation.  As  a  result  every  PM  generates  fee  electrical  signal  which 

goes  to  fee  conformable  block  of  the  synchronizing  apparatus  Bo  vvliere  it  is 
amplified,  is  formed  andis  delayed  for  a  time  which  is  necessary  fee  model  to  fly 
from  PM  to  the  center  of  a  visui  field  of  the  obj^ective.  The  delayed  signal  goes  to 

fee  spark  generator,  fee  last  produces  a  short  li^  pnlse-e^^^ 

Electronic  chronographs  placed  at  the  control  panel  are  measurmg  fee  time  between 
fee  moments  of  exposing.  A  totahty  of  photographs  obtained  in  each  expa^nt 
together  with  data  of  measurements  of  geometric  parameters  of  test  model  and  its 
mass,  of  fee  pressure  and  fee  temperature  iif  fee woto  and  etc.  is  the  primary 

experimental  information  wliich  is  necessary  for  determing  aero^nai^ 
characteristics,  for  studying  fee  flow  around  fee  model  and  physico-cheimcai 
processes  before  andbehind  shock  waves  and  hypersomc  wakes. 

In  the  ballistic  experiment  aerodynamic  characteristics  are  determmed  from 
data  of  measurements  of  photographs  and  of  model  parameters  by  methods  which 
are  founded  on  using  the  differential  relations  between  aerodynamic  coefficients 
and  parameters  of  trajectory  of  fee  test  model.  These  relations  are  fixed  by  fee 
general  equations  of  fee  motion.  All  the  mefeods  are  reduced  essentially  to 
determing  linear  and  angular  velocities  and  accelerations  from  experimental  data 
and  it  requires  differentiation  <  including  double  one  )  of  experimental  dependencies 
and  to  the  following  calculation  of  aerodynamic  coefficients  wife  using  the 
equations  of  the  motion  [2,9,10]. The  differentiation  of  experimental  dependencies 

(especially  double  one)  is  accomparriedhy  the  increase  of  derivatives  errors.  As  a 

rule  it  results  feat  fee  mistakes  of  fee  calculation  of  second  derivatives  of  angular 
and  linear  coordinates  wife  respect  to  fee  time  or  fee  longitudinal  eoord 
become  the  main  part  of  fee  mean-square  errors  of  aerodynamic  tfearacteristics.  The 
mistakes  of  fee  calculation  of  derivatives  are  directly  proportional  to  the  mean 
square  errors  of  the  measurement  of  linear  and  Aguiar  coordinates.  Therefore  fee 
accuracy  of  fee  determination  of  aerodynamic  characteristics  of  bodies  in  free  flight 
depends  in  fee  main  on  fee  accuracy  of  measurements  of  their  coordinates.  The  last 

is  affected  by; 

1)  fee  quality  and  the  feature  of  optical  system  of  fee  installation; 
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2)  characteristics  of  impulse  light  sources  used  for  exposing  a  photofilm  and  also 
characteristics  of  itself  film; 

3)  the  quality  of  adjustment  of  optical  systems  of  installation; 

4)  the  quality  of  fitting  local  systems  of  coordinates  to  the  laboratory  coordinates 

system.  ,  i  r 

Two  last  factors  can  make  the  considerable  contribution  to  the  value  ot  errors 

of  the  measurement  of  coordinates  .  And  so  we  me  paying  much  attention  to  die 
adjustment  of  the  optical  equipment  of  the  installation  BU-8  8.  Our  metiiods  of  the 
adjustment  of  the  optical  systmns  of  tiie  ballistic  range  il^ll^^w  to  measure  the 
linear  coordinates  of  the  flying  model  with  die  accuracy  d.02mm<  >  0.15  and 

the  angular  coordinates  with  accuracy  <  o  The  superior  hmit 

corresponds  with  the  case  when  the  measurement  of  coordinates  is  carried  out  by- 
shadow  photographs  anddie  inferior  limit  -  by  Toepler  ones.  It  allows  to  define  die 
aerodynamic  characteristics  by  die  ballistic  range  BU-88  with  ihe  accuracy 

Ocx  ~  ^Cy  =10  Ocm  ~  0.005-0.dl5  {2]. 

The  ballistic  installation  GBU43J  is  intended  to  Ae  investigations  of  physico¬ 
chemical  processes  before  and  bdiind  shock  waves  mtdirrto  hypersonic  wakes^  of 
heat  physic  processes,  of  die  interaction  of  hypersonic  bodies  widi  motionless 
obstacle  and  so  on  ,  In  many  xespects  its  constaietion  is  like  die  one  of  the  BU-88 
installation:  GBU  consists  of  the  ©uv  the  system  of  cutting^  off  the  case  fiom  die 

model,  the  pressurized  chamber  with  die  X5ptical,  electromc  and  other  apparatus  and- 

the  bullet  assembler.  But  there  are  the  diferences  between  the  ballistic  xanges.  So 
GBU  in  contrast  to  BU-88  has  been  equipped  widi  bodi  the  ^wder  gun 
(V<  2,5  km/s)  and  the  gasdynamic  one  (V  <  d.4  km/s).Besides  die  equipments  of 
the  instaUations  are -different  as  it  is  seen  on  Tigl  and  Fig.4  which  demonstrate  die 
schemes  of  the  BU  -88  andCfflU  ballistic  ranges. 

The  electrical  discharge  shock  tube  of  die  plasmogas^namic  laboratory  {4  j 
serves  for  researches  of  physico-gasdynamic  properties  of  shock  waves  propagating 
in  plasma  or  in  different  ^es.  ft  consists  of  the  electroma^ic  shock  tube  2 
(Fig.5)  and  the  discharge  diamber  4  ^dnch  is  created  die  gfow  discharge  of  the 
continues  current  in.  The  shock  waves  of  the  blast  type  are  ^nerated  by  the  power 
impulse  discharge  between  coaxial  electrodes  joined  with  the  feeding  blodc  of  the 
discharger.  The  velocity  of  die  propagation  of  shock  waves  in  die  tube  {  up  to 
1600m/s)  is  registered  by  mems  of  the  two-channel  schhermi-system  3.  Bach, 
channel  consists  of  the  fixed  h^  source,  of  the  lenses  ,  of  die  optical  slot,  of  die 

optical  knife  and  photopick-ups.  A  receiver  ,  sir  evacuation  valves,  intake  valves 
and  systems  of  the  pressure  control  are  placed  M  die  pressurized  chamber  5.  The 
pick-  ups  (thermocouples,  electrical  probes,  piezcpick-ups  and  etc.)  are  fastened 
to  the  bar  6,  which  can  be  shifted  along  its  axis  at  foe  :g:eat  fostance.  The  shfo  of 
foe  bar  is  carried  out  by  means  of  foe  step  motor  which  is  operated  by  the  signal 
coming  from  the  control  panel.  The  experiment  is  conducted  cyclically  (  foe  interval 
between  two  cycles  is  ~  2min).  The  start  offoeshocktube,foe  registration  of  shock 
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waves  all  the  measurements  and  the  treatment  of  experiments  data  are  carried  out 
automkcally  with  the  help  of  the  CAMAK  system  and  of  the  personal  computer. 

Thus  the  experimental  base  of  the  plasmogasdynamic  laboratory  permits  to 
research  aerodynamic  characteristics  and  the  flow  around  different  bodies,  heat 
physic  processes  and  the  propagation  of  shock  waves  in  various  gas  media  and 
plasma.  Some  results  of  these  researches  are  described  below. 


2. Anomalous  Phenomena  under  Moving  Shock  Waves  and  Bodies 
in  Reacting  Gases 

In  this  section  of  the  report  we  describe  the  results  of  theoretical  and 
experimental  researches  of  anomalous  phenomena  arising  under  a  motion  of  shock 

waves  and  supersonic  bodies  in  reacting  gases. 

The  first  photographs  of  the  fi:ee  flight  sphere  in  fi:eon-12  demonstratmg  some 
of  these  anomalies  (  perturbances  of  the  shock  wave  front  and  the  inviscid  wake) 
were  published  in  the  Hilton  monograph  [121.  Examples  of  similar  photographs 
obtained  by  us  at  regimes  of  anom^ous  flow  around  a  blunted  body  in  freon-12 

are  represented  in  Fig.  6.  a  u:  u 

Some  time  later  photos  of  sphere  flying  in  freon  -1244,114  which 

demonstrate  the  bow  shock  wave  and  wake  disturbances  were  obtained  by  W. 
Maslennikov,  G.Mishin,  G.  Tumakajev  in  Ioffe  Physico-Technical  Institute  of 
Russian  Academy  of  Sciences. 

As  a  result  of  these  experiments  it  was  ascertained  that  the  appearance  ot 
flow  disturbances  is  accompanied  by  the  dissociation  of  freons. 

In  1976  the  instability  of  shock  waves  [  perturbances  of  the  shock  wave  front) 
was  discovered  in  CO2  (  p  =  7.6  Torr  ,  critical  velocities  V  c  =3.7,  6.3,  6.2  km/s) 

and  in  Ar  (p«lTorr,  Vc«llkm/s)  [13].  Besides,  in  these  experinients  conducted 
shock  tube  it  was  found  out  that  the  shock  wavr  front  remained  smooth  when 
moving  the  shock  wave  with  die  velocity  V  <  Vc.  The  authors  ascertained  tiiat 
regimes  of  the  instability  of  shock  waves  discovered  by  them  did  not  satisfy 
D'jakov's  criteria  of  the  instability  of  shock  waves[  14  ],  Besides,  diey  noticed,  that 
the  adiabathas  Z-form  by  unsteady  regimes. 

Perturbances  of  the  relaxation  zone  in  Ar  (  p  »6  Torr  ,  Vc  ~  4.5  km/s  )  were 
discovered  in  [  15  ].  The  perturbances  were  decreased  essentially  by  tiie  hydrogen 

impurity.  i-k  xj  u 

The  strong  shock  waves  instabihty  in  series  of  gases  (Ar,  CO2,  O2,  H2,  He, 

CO,  air,  water  steam)  was  detected  in  shock  tube  experiments  carried  out  under  the 

pressure  p  <  5  Torr  [16  [.  But  all  the  researches  were  fragmentary  und  did  not 

explain  the  nature  of  the  shock  waves  instability. 

We  observe  this  phenomenon  in  freons  in  the  sixties  while  researching 
aerodynamic  characteristics  und  a  flow  around  hlunted  bodies  in  various  gases. 
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These  researches  are  conducted  in  connection  with  a  creation  of  cosmic  probes 
that  was  intended  for  the  entry  in  the  atmosphere  of  planets  of  the  solar  system.  The 
bow  shock  waves  instability  accompanied  with  the  turbulization  of  the  mwscid 
wake  behind  the  flying  model  whickarises  with  attaining  of  critical  numbers  M  has 
hindered  conducting  these  investigations  and  so  we  have  learned  to  fi^t  with,  rt  and 
then  began  to  study  this  phenomenon,  in  free  flight  experiments  [  17-19  \  ^ 
ascertained  that  characteristics  of  the  matter  of  test  models  (  metals,  plastics  >  and 
their  surfece  (  roughness,  sound  vibrations)  did  not  influence  on  beginning  tiie  shock 

wave  instability.  At  the  same  time  tiiese  experiments  fremonsttated  that  the  of 
the  instability  and  its  development  are  affected  by  the  kind  of  a  gas ,  the  number 
the  pressure  and  the  form  of  a  model.  It  was  found  out  fhat  the  mstability  of  the 
shock  wave  rises  when  the  temperature  of  a  gas  and  the  pressure  behind  flie  sh^k 
reach  values  which  nre  necessary  to  begin  the  weak  dissociation  of  freons^  ^ 
evaluation  of  the  energy  of  turbulent  fluctuations  in  the  inviseid  wake  behmd  free 
flight  models  in  freons  gave  Ihe  value  commensurable  with  the  vibrational  energy  m 
the  bhmt  body  stagnation  point  {20,2 1].  All  the  data  permit  to  eonelude  that  there 
is  a  mechanism  of  fransformation  of  the  energy  of  high  excited  inner  degrees  o 
freedom  laid  in  a  stock  at  the  shock  wave  front  in  the  kinetic  ener©^.  This 
mechanism  brings  to  the  intensification  of  small  disturbances  of  ^sdynamic 
parameters  and  consequently  to  flie  instabihty  of  the  shock  wave  tl7{_.  €cmmon 
concepts  of  such  mechanism  were  formulated  in  Ref  [22],  fri  this  article  iTw^ 
suggested  criteria  of  tiie  shock  wave  instability  and  was  discussed  one  of  the 
possible  kinetic  mechanisms  -  the  dissociation  of  excited  molecules  with  heating 

products  of  a  reaction  ( it  was  considered  an  occasion  of  molecules  with  one  active 
level  ^ 

The  series  of  the  foUowing  articles  #3-25  J  dedt  with  results  of^A^^^ 

of  regimes  of  the  instabihtyofshock  waves  in  different  gases,  of  the  elaboration  of 

the  instability  criteria  and  of  the  study  of  anomalous  phenomena  accompanying  the 
shock  waves  instability.  It  is  appropriate  to  note  fiiat  m  shock  tube  experiments 
[13,15,16,24,25]  it  was  registered  only  separate  regimes  of  the  shock  wave 
instability  ( though  in  different  gases)  .  At  that  time  in  free  flight  experiments  it  was 
determined  not  only  the  fields  of  tiie  existence  <  in  p,  M  variables)  of  tiie  mstabih^ 
of  flow  but  also  the  position  of  neutrd  curves  at  the  p  M  -  diagram  for  different 
models  of  various  diameters  in  some  freons  (  see  Refi[23J).  Themeutral  curves  pe 
=Pc  (M)  separate  the  stable  from  unsteady  flow  at  the  pM-thagram.  Oneof  such 
curves  is  shown  in  Eig-  7  .  According  to  data  of  free  flight  experiments  the  locatim  of 
neutral  curves  at  the  pM-diagram  depends  on  tiie  sort  of  reacting  gas,  on  the  form 
and  dimensions  of  a  body. 

The  analysis  of  all  the  data  [12-25]  as  well  of  new  results  concemmg 
perturbances  of  shock  waves,  the  emission,  the  tirag,  the  heat  flux  and  so  on 
allowed  to  formulate  funxlamental  features  of  the  phenomenon  of  tiie  anomalous 

relaxation  (AR)  in  shock  waves  in  gases  [26].  The  AR  phenomenon  is  a 
nonequilibrium  effect  and  involves  strong  transfer  of  the  exetetion  energy  into 
kinetic  one  .AR  manifests  itself  in  the  series  of  effects;  perturbation  and  destruction 


7 

of  the  shock  wave  front,  increase  of  body  drag,  increase  of  heat  release  behind  the 
front,  random  perturbations  of  the  relaxation  zone,  nonmonotonous  change  of  the 
gasdynamic  parameters  with  the  distance  from  the  front,  anomalous  emission. 

Theoretical  bases  of  die  AR  phenomenon  founded  in  Refs. [22,23, 26]  were 
supplemented  and  developed  in  Refe.{27,28J.  As  a  result  of  these  investigations  it 
was  suggested  a  simple  criterion  of  determining  regimes  of  AR  : 

mV^=aSa  ,  (1) 

where  m  is  mass  of  a  gas  particle  before  tiie  shock  wave,  s  a  is  tbe  energy  of  the 
excited  particle,  a  =  a  (pi,  Ti  )  is  die  coefficient  depending  on  flow  conditions 
before  the  shock  wave  ,  pt  ,  Ti  are  die  flensity  and  die  temperature  of  the 
undisturbed  flow.  This  relation  can  be  written  »die  other  fr^ ; 

pVe^  =  96asa  .  . 

Here  p  is  the  molecular  weight,  Vc  is  die  critical  velocity  of  arising  die  shock 
waveinstability(inkm/s),  E  a  is  in  e  V. 

Estimates  Vc  in  dififerent  media  conducted  with  nsing  this  formula  in 

supposing  a  =  1,  a  a  =  ^  ion  have  demonstrated  the  ^ood  consult  of 

calculation  data  with  the  experiment  [  26-28]. 

The  middie-  densities  of  the-  imdisturbed  flow  ^  feverable  for  the 
development  of  AR  as  die  flow  is  *ozen  under  low  densities  (  low  numbers  M  ) 
and  is  equilibrium  under  hi^  densities  (  hi^  numbers  M)  and  therefore  conxhtions 
of  a  rise  of  this  phenomenon  are  absent  in  both  cases.  And  so  neutral  curves  must 
be  closed.  But  up  to  now  the  top  density  or  pressure  boundary  of  AR  is  not 

detected.  The  lower  AR  boundary  is  fixed  distinctly  by  experiments  in  freons  and 

Xe  [23,26-28]  (  see  also  Fig2  of  this  report). 

The  Z-form  of  the  percussive  adiabat  is  necessary  to  arise  the  phenomenon 
AR  since  in  this  case  the  dependence  p=  p(v)  is  nonsingle-valued.  And  so  in 
Ref  [22]  the  gasdynamic  criterion  of  the  shock  waves  instabihty  was  obtained  from 
the  percussive  adiabat  relation.  Like  the  D  ]akov  criterion  tins  one  is  limited  mid  is 
not  disclosing  the  physical  reasons  of  the  shock  wave  instability.  In  Ref.[26]  the 
series  of  the  better  criteria  of  the  instabihty  was  obtained.  These  criteria  can  be 
effectively  used  if  the  suitable  kinetics  is  available  . 

The  simplest  kinetic  scheme  taking  into  account  the  fundamental  features  of 
the  phenomenon  AR  (  the  considerable  rise  of  concentrations  of  excited  particles, 

the  formation  of  superequihbrium  number  of  highly  excited  particles  witii  sufficient 
life  time,  collisions  of  these  particles  with  each  offier  ,  resulting  in  the  dis^ 
of  one  of  the  particles  with  complete  disactivation  )  includes  die  following  reactions 
[22,28]: 

1 .  Ai  +  A2  —  A2  +■  A2  ^ 


2.  A2’‘  +A2  —  A2  +A2 

3 .  A2  +  A2  =A+ A  +A2+ A  E 


(3) 
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Here  A2  is  a  two  atomic  molecule,  A2^  ,  A2  are  excited  and  strongly  excited 
molecules,  2  8  (A2*  )  >  e  d  ,  AE  is  the  energy  releasing  during  the  dissociative 
disactivation.  This  kinetic  sch^ie  adequately  reflecting  basic  stages  of  the  process 

AR  is  simplifying  too  the  real  processes. 

The  analysis  of  experimental  data  and  of  feasible  sdiemes  of  kinetic 
processes  behind  shock  waves  permitted  to  elaborate  flie  mechamsm  of  the 
ionization  anomalous  relaxation  in  inert  gases.  This  mechanism  gives  satisfactory 
explanation  to  the  nonmonotony  of  a  distribution  t>f  The  gasdynamic  parameters 
along  the  relaxation  zone  observed  in  experiments.  Tbe  mechanism  mdudes 
reactions  of  the  accumulation  of  the  energy  of  the  shock  wave  in  metastable 
particles^  reactions  of  the  transformation  of  tte  excitation  ener^  into  a  form 
suitable  for  rapid  T-deactivation<  tiie  teansformationof  the  exdtation  energy  in  tiie 
heat  ),  reactions  of  intensive  T.deactivation  with  regeneration  of  the  metastable 
particles,  processes  of  emission  in  lines,  jffocesses  of  the  ordinmy^  ionization 
relaxation.  The  scheme  of  the  mechanism  of  the  iomzatkm  rd^caricm  bdrind  d^ck 
waves  in  the  inert  gas  offered  in  Re£p9]  is  slmwn  in  Tig.8.  Results  of  the 
calculation  of  the  proposed  system  ofequations  carried  oirt  in  the  some  Ref429]are 
represented  in  Fig.9,10.  The  eon^tation  showed  the  presence  behmdt  sho^  waves 
in  Ar  of  superequilibrium  concentrations  of  components  A2^  ^  A2  ^  A  ^  where 
=  Xe,  and  the  nonmonotony  of  a  change  of  gasdynamic  parameters  along  the 
relaxation  zone.  Besides,  h  was  usc^ained  foat  the  fonndion  of  supereqaihbrium 
concentrations  particles  A2^^which  are  able  to  accumulate  tiie  inner  ener^,  coming^ 

from  other  regions  by  meansoftheemission,  and  tiaen  to  transform  it  in  the  heat  is 

necessary  for  rising  anomalies  in  the  gasdynamic  structure  of  the  flow  behind  shock 
waves.  In  Re£  [30]  the  authors  oarriedout  foe  foHer  oalculation  of  tiie  flow  behind 
foe  shock  wave  front  in  Xe  and  computated  adiabats  at  tiie  different  distance 
from  foe  shock  front.  They  discovered  thi  adiabats  have  Z-formunder  Y  >2.5  hm/s 
and  it  points  to  the  flow  instability  (see  Fig.  11). 

Simultaneously  vrifo  a  development  of  theoretical  researdies  the  detailed 
experimental  investigations  of  thfiferent  aspects  of  AR  began.  The  peculiarities  of 
this  phenomenon  in  molecular^gases  were  studied  in  free  fli^it  42ij,23 ,28,3 1-34]. 
These  investigations  were  conducted  in  gases  containmg  halogois  because  the 
shock  wave  instability  in  such  gases  is  observed  by  small  numbers  M  4  M  ~  3  ) 
while  the  one  in  air,  CO2,  CH4A  H  2  is  absent  up  to  number  M <  accordinglo 
foe  data  of  our  free  fl^t  experiments  )  .  As  a  result  of  tiiis  study  h  was  detected 
that  foe  location  of  boundaries  of  fields  of  the  existence  of  foe  instability  ( the 
neutral  curves  p,  =  p^  (  M  )  )  changes  wifo  the  kind  of  gas,  the  concentration  of 
admixture  of*  other  gas,  the  bluntness  and  dimensions  of  a  body  {213^733}.  it 
follows  from  data  of  gr^hs  of  Fig.  12-15.  R  is  seen  that  ueifoal  curves  are 
displaced  in  foe  regionxxf  the  hi^  pressure  and  large  numbers  M  with  foe  decrease 
of  foe  diameter  and  the  bluntness  of  a  body.  In  that  direction  neutral  curves  are 
removed  with  increasing  the  energy  of  foe  gas  dissociation.  The  ndimxture  of  gas 
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having  the  hi^er  energy  of  the  dissociation  to  tiie  basic  one  calls  the  displacement 
of  neutral  curves  in  An  Areeti^  of  thn  mcreasn  of  Ae  mnnber  M. 

Thn  intensive  instability  of  An  shock  wave  was  discovered  m  shock  tube 
experiments  carried  out  m  Ar^  Kr,  Xe,  N2 ,02  ,  CO2  and  oAer  gases  [13,15,16,23- 
28].These  experiments  were  conducted  by  Ae  pressure  1-25  Torr,  m  some  tests  Ae 
pressure  was  50  or  100  Torr,  A  few  of  experiments  and  Ae  limited  xange  of  Ae 
pressure  have  not  allowed  to  obtain  experimental  neutral  curves  m  Aese^  gases. 
Neutral  curves  of  inal  gases  were  obtained  analytically  wiA  using  experimental 
data  [26],  Shock  tubes  mvestigations  were  ascertainedAat  Ae  ftont  bifercation^the 
weak  undulation  of  the  ^hock  wave,  Ae  disturbance  of  Ae  xelaxation  zone,  Ae 
nonmonotomc  change  of  gasdynanhc  parameters  liehind  Ae  shock  wave  are 
precursors  of  large  perturbations  and  destruction  of  its  fronti26-28^  .  In  mert  gases  it 
was  found  series  of  peculiarities  of  emission:  a  narrow  <  less  Aan  1  nam  >  zone  of 
mtense  glow  immediately  behind  Ae  shock  wave  ftont  <  Ar,  M=26,  p=3Torr  ),  a 
random  emission  field  m  OAAr  +  0,5Xe  mixture  and  so  on  {24-28],  T^^ 
peculiarities  (  m  particular,^  Ar  i  and  Xe  11  hnes  detected  mAe  spectrum  of  ^ 
near  zone  of  the  shock  wave  in  Ar  ^  Xe,  xtoh^enssociatedwiA  Associ^ve 
recombmation  of  Ari"  and  Xe2"^  ;Ae  spectrum  is  obtained  boA  mAe  Aockt^^ 

and  m  the  low-density  wind  tunnel,  Fig.lfi,17  )  represent  unique  Aementary 

processes  inherent  to  anonialousielaxatioiL  The  mvestigatton  of  emission  spectra  m 

Ar  and  Xe  fias  demonstrated  the  leading  part  of  metastable  particles  m  development 

of  AR  [26-28],  ,  u  • 

A  Ae  low-pressure  tunnel  ^qi^iments  m  vdaich  an  Ar  plasma  havmg^  a 

meAstable  particle  composition  simulating  Ae  state  fiehind  Ae  Aock  wave 
detached  from  a  model  at  M=23  ,  p  =  0,5Torr,  m  appreciable  increase  of  Ae  heat 
flux  was  observed  when  the  concentration  of  the  metastables  was  mcreased  fr(mi3 

to  10%  [26-28]  (see also Tig,18>.  .  4. 

A  free  flight  ftyperiments  it  was  sAdied  the  dependence  of  Ae  amplitude  ot 

shock  wave  perturbances  on  number  M  at  flie  regimes  of  AR  A  diferent  gases  and 
mixture  [33,34].  It  was  revealed  Aat  Ae  amplitude  value  A^ea^  vriA  numb^  M 
from  0  before  the  neutral  rairve  to  its  maximum  hdmid  Aand  then  decreases  la  0 

when  Ae  flow  becomes  equilibrium,one,  Thereareno  pertmtencesofshodL  waves 
A  eqmlibrium  and  frozenflows,^  Decreasing  Ae  energy  of  Ae  dissociation  leads  to 
Ae  decrease  of  Ae  amplituda  ofshock  wave  perturbances  {33,24]^^^see  Rig.  19), 

The  shock  wave  perturbance,  the  turbulization  of  the  mviscA  wake  are  to 

provoke  a  rise  of  Ae  drag  ofa  body  flying  A  rogiines  of  AR,  SutA  mcrease  of  flie 
sphere  drag  (  up  to  4%  )  A  freon-12  was  detected  A  Refe.{23J26-28{  <Eig,2fi)^  Hie 
mviscid  flow  turbuhzation  arises  because  of  the  locA  spontaneous  heat  release  A 
relaxation  zone  and  perturbances  of  Ae  shock  wa\^  which  cause  the  appearance  of 
turbulent  vortices  of  xxmtactaurfaces,,Andao  theJomote  wake  at  ARxegimes  looks 

as  a&-tree  [31]  (Fig.21).  ■  .  ■  ■  u  ^ 

Thus  nonequifibrium  physico-chemical  processes  behind  mtensive  shock 

waves  cause  gasdynamic  anomahes  arising  A  relaxAg  media.  Since  plasma  is  one 

♦  ofAese  me Aa,  one  can  expect  Aat  similar  phenomena  exist  A  ptesma  wAle 
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moving  bodies  and  shock  waves  in  it.  This  idea  has  stimulated  the  investigation  of 
flows  arising  by  the  movement  of  bodies  and  shock  waves  m  low  temperature 
discharge  plasma.  The  results  of  these  investigations  are  discussed  m  the  next 

section  of  the  report. 

3.  Peculiarities  of  Flow  around  Bodies  and  Shock  Waves  Propagation  in  Plasma 

In  this  section  of  the  report  it  is  discussed  the  results  of  theoretical  and 
experimental  investigations  of  the  flow  around  bodies  and  of  the  :^ock  waves 
propagation  in  low  temperature  discharge  plasma.  These  mvestigations  are  the 
logical  continuation  and  the  development  of  our  researches  of  anomalous 
phenomena  arising  by  the  movement  of  bodies  and  shock  waves  in  reiaxing-^es^ 
As  a  result  of  these  investigations  it  was  revealed  series  of  new  and  unexpected 
phenomena  including  the  phenomenon  of  the  anomalous  flow  around  bodies  m 

The  first  photographs  of  the  firee  flight  sphere  flowed  in  the  discharge  plasma 
were  obtained  by  JmSerov  and  I.Javor  in  Ioffe  Physico-Techmcal  Institute.  Tl^ 
photographs  demonstrated  the  considerable  increase  of  the  shock  wave  detachment 
from  a  sphere  flying  in  plasma  (  see  Fig.22^3  ).  Some  of  them  impressed  to  toe 
was  the  blasted  release  of  the  energy  in  the  ^hock  layer  of  the  sphere.  And  so  me 

first  model  of  the  anonialous  flow  around  bodies  in  43lasnia^435]  .  was  based  on  the 

idea  that  behind  the  shock  wave  in  plasma  as  well  as  at  the  re^es  of  AR  ^  ^es 
the  energy  of  inner  degrees  of  freedom  (  in  particular,  the  oscillation  energy  pt]  ) 
transforms  in  the  heat  one.  According  to  the  hypothesis  the  fest^  ener^ 
transformation  causes  the  shock  wave  acceleration  and  the  change  of  gasdynamc 
parameters  behind  it.  But  in  Re£[371  it  was  revealed  by  the  calculationmetodsthat 
the  acceleration  of  shock  waves  m  plasma  is  conditioned  practicaUy  completely  by 
the  heat  effects.  One  canmake  the  same  conclusion  if  he  vriU  analize  in  commopnll 
the  data  of  experiments  on  the  velocity  of  die  shock  waves  propagation  in  plasma 
and  heat  gases  [37-43].  This  is  areason  why  werejected  this  hypothesis. 

The  follovring  experimental  investigations  in  shock  tubes  revealed  ^ries  of 

peculiarities  of  the  shock  wave  propagation  in  plasma,  in  particular  the  shock  waves 

structure  change  [38-45].  According  to  Refs. [39,40,45  ]  shock  waves  m  plasma 

have  a  three-wave  structure  and  consist  of  leaders,  precursors  and  residual  waves 

(  see  Fig.24  ).  Velocities  of  the  propagation  of  the  leader  Vl,  die  precursor  V^and 
the  residual  wave  Voanswer  the  inequahty  Vl  >  Vp  >  Vo  .  So  fer  as  die  leader  is 
of  no  noticeable  importance  in  gasdynamic  processes,  we  shall  not  examme  it  later 

The  shock  wave  sphtting^in  plasma  and  the  change  of  the  detachrnem  of  frie 
shock  wave  from  a  body  and  of  The  drag  coef&cient  discovered  in  free  fh^ 
experiments  testify  to  the  existence  of  two  velocities  of  die  sound  frozen  or  plasmic 
ap  and  equihbrium  or  adiabatic  aj  .  These  velocities  satisfy  the  inequality  ap^ar . 

The  value  of  the  adiabatic  sound  velocity  is  calculated  by  usual  mediods.  The  value 

of  the  plasmic  sound  velocity  was  determined  from  the  displacement  of 
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dependencies  A  =  A  ( V )  ( A  is  the  detachment  of  the  shock  wave  from  a  body) 
or  dependencies  Cx  =  Cx  (  V  )  in  plasma  and  in  air  [46-49],  According  to  data  of 
measurements  of  the  detachment  of  the  bow  shock  wave  from  the  sphere  [46,47] 
(Fig.23  )  and  of  the  drag  coefficient  of  the  sphere  [48,49]  (  Eig.25  )  in  air  plasma 
the  value  of  apis  -lAar  .  It  is  necessary  to  note  that  the  coefficient  by  aj  can 
change  with  the  degree  of  die  excitation  of  molecules  and  atoms  in  plasma.  The 
character  of  changing  the  detachment  of  the  shock  wave  from  the  sphere  and  the 
structure  of  the  shock  wave  in  decaymg-plasma  with  time  t  points  out  it  [50,5 1  ] . 
According  to  data  of  these  references  the  detachment  and  die  structure  of  shock 
waves  in  decaying  plasma  do  not  change  by  t  ,2ms  and  turn  out  near  ones  in 
undisturbed  air  by  t  >  200ms  <  the  data  of  Tig,  26  demonstrate  die  character  of 
changing  the  shock  wave  structure  in  decaying  plasma  of  air  and  Ar  ),  It  means 
that  the  electronic  temperature  Te  does  not  exert  the  noticeable  influence  on  die 
sound  velocity  in  plasma  a  p  on  readiing  some  diereshold  of  the  molecules 
excitation.  And  so  the  estimations  of  the  value  of  this  velocity  carried  out  with  using 
the  data  of  experiments  of  Ref.{46]  (  T  e  “1-2  e  V  )  and  of  Se£{48]  (le  =  5-6  eY) 
proved  indentical.  Therefore  one  can  t^e  diat  in  case  of  drschm^ge  plasma  widi 
Te  >  1  eV  the  sound  velocity  is  a,p~  30v/  T  ,  Hence  siqiposing  y=  C  p/  c  v=l^ 
and  using  usual  relations  of  thenormal  shoxik  and  of  the  shock  wavereflectedfrom 
the  flat  wall  it  is  no  troubles  to  calculate  the  values  of  the  static  and  stagpaPon 
pressure  behind  the  precursor  and  the  pressure  behind  the  precursor  reflected  from 
the  flat  wall.  The  results  of  diesecakHrlationsceaducted  in  Ref.{4^  are  represented 
in  Fig.27  where  it  is  shown  the  dependenees  Pip  /  Pib—  f  ( M  b  ),  Po  p  /  Po  b~Tf^), 
p  /  P3  b  =f  (  M  b ).  Here  P2  is  the  static  pressure  behind. the  shock,  P^  is  die 
stagnation  pressure  behind  the  shock,  Ps  is  the  pressure  .behind the  shodc  wave 
reflected  from  the  wall ,  the  indices  b  and  p  are  concerned  parameters  of  the 
shock  wave  in  cold  afrand  of  the  precursor  in  plasrna.  It  is  seen  on  this  flgure  that 
the  static  and  stagnation  pressure  behind  the  shock  wave  in  plasma  makes  up 
40-50  %  of  the  correspondingpressure  incoldair.  The  dataof  experirnents  obtained 
in  shock  tubes  [38,39,41]  are  confirmingthis  result.  The  analogous  decrease  of  die 
stagnation  pressTire  in  the  air  flow  (40-60  %  )  and  the  increase  of  the  detachment  of 
the  shock  wave  from-a  body  Iiy  switchmg.on  the  glow  discharge  was  registered  loo 
in  experiments  carried  outinthe  aerodynaniic  tunnel  (52]^ 

As  it  was  mentioned  above,  the  shock  wave  by  entering  the  discharge  field 
is  splitted  into  two  (  exchiding  the  leader  >  foflowing  each  odier  v^faves,  one  of 
which  is  high  frequency^  theprecursor  )  andanodter  is  low  frequency  (the  residual 

wave  ) .  The  splitting  of  the  shock  wave  is  the  specific  feature  of  its  propagation  in 
plasma.  The  amphtude  of  bodi  waves  is  considerably  less  than  one  in  coM  air 
undisturbed  by  the  discharge  (  see  Fig.26  ),  At  dmt  tinie  the  sumniaryshodcwave 
impulse  influencing  on  the  piezoelectric  probe  remains  without  any  change 
irrespective  of  the  shock  wave  propagates  in  air  or  iuplasma.  And  so  the  durafion 
of  the  impulse  in  plasma  is  considerably  greater  than  in  air  (  Fig.26  ). 
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According  to  Refs.{5 1,53  J  the  precursor  and  the  residual  wave  in  air  plasma 
exist  apart  during  50  ms  ate  the  dischai^  current  intem^tion  (  in  these 
experiments  the  velocity  cf  tiie  shock  wave  in  cold  air  was  625m/s  );  The  data  of 
Fig.28  give  the  notioncf The  diaracter  cfa-^iai^  of  the  teo  ofteamphhide  of 
the  precursor  in  Ar  and  air  plasma  tote  amjrfihide  of  the  shockwave  in  cold 
gases  with  the  time  It  is  seen  on  te  figure  tet  te relative  vahie  of  te  precursor 
amplitude  changes  in  air  plasma  firom  QJA  ^  x  =  0  )  to  0,42  (  x  =  5Qms  %  The 
precursor  amplitude  in  ptom  is  less  ten  te  xesidual  wave  amphtude.  The  values 
of  amplitudes  are  evened  in  fi-te  ate  te  interruption  of  te  thschaige  current. 
The  complete  restoration  of  the  amplitude  and  te  structure  of  teck  wave  in 
decaying  plasma  to  the  sanie  in  undisturbed  cold  air  finishes  in  it)G-120s.  Thereaie 
the  similar  effects  in  decaying  argon  plasma  But  in  tiiis  case  tiie  apart  existence  of 
te  precursor  andtheresidual  wave  is  observed  hy  x  <  156ms  and  in  15  uis  after 
te  current  interruption  te  precursor  and  residual  wave  amplitudes  prove  lo  be 
equal.  The  residual  wave  inplasmaof  air  and  Ar  erodes  a  great  dealandresenddes 

few  the  real  shock  wave.andao  it  is  not  jseenat  the  photographs  obtained  in  fiee 

flight  experiments.  Itrneanstiiat  tePitotloss  inte  residual  wave  isuot  soumchas 

in  the  precursor  by  virtue  of  that  feet  the  values  of  the  drag  and  other 
aerodynamic  coefficients  of  bodies  moving  in  plasma  with  the  supersonic  velocity 
are  appointed  in  the  main  by  the  precursor.  As  te  precursor  is  finmed  by  the 
acoustic  waves  of  the  high  fiequency,  te  parameter  of  modeling -flo  ws  can  be  te 
Mach  number  M  =  V/  a  p,  where  a  p  is  te  fiozen  velocity  of  te  sound  <  in  air 

plasma  ap»30VT). 

Taking  it  inte  account  mid  knowing  tet  te  teg  coefficient  rafio 
Q=  Cx-  pV^  /2Po'  is  notdepentegon  te  ratio  of  specific  heats  {54]  (seeP^29), 
we  (following  Ref  {49}>shallpresent  the  xesuhs  of  measuring  fee  teg  coe^ent  of 
fee  sphere  in  plasma  148]  m  fee  form  of  fee  graphic  dependence  Cx  =  Cx  (  M  ) 
(Fig.30).  The  valuesofte  coefficient  Cx  of-^ihere  inplasniaand.as  wellinxter 
media  are  plotted  on  te  diagram.  Looking  at  fee  diagram  one  can  conclude  feat  fee 
values  Q  of  te  sphere  in  plasma  and  in  other  mete  are  near  vdfe  each  other.  If 

one  supposes  fe?^t  this  effect  takes  place in  case  of  other  bodies  too -(like  the -data. 

of  Fig.29  ),  it  gives  an  opportunity  of  evahiating-te  drag  coefficient  of  any  body 

in  plasma  with  usingfee  data  of  measurement  of  this  coefficient  many  gas  ^  in  air 

for  example ).  The  method  of  evaluating  is  evident: 


Cxp^Cxs  Pop  /  Pos,  W 

where  indices  p  and  s  concern  accordingly  plasma  and  gas. 

As  the  drag  of  a  body  flying  with  the  set  velocity  is  direefly  proportional  to 
p  Cx ,  one  can  influence  on  its  value  not  only  by  te  Cx  change  but  by  fee  change 
of  fee  density  which  depends  on  both  fee  gas  temperature  and  the  degree  its 
dissociation.  So  fee  summary  drag  in  plasma  by  conditions  {48]  decreases  4-10 
times  as  fee  value  of  the  teg  in  cold  air. 
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In  Refs.  [26,50,55]  it  is  studied  the  character  of  the  change  of  the  heat  flux  in 
plasma  but  the  data  obtained  was  discrepant.  So  the  results  of  Ref.  [26]  demonstrate 
the  increase  of  the  heat  flux  with  the  concentration  of  jnetastables  jn  Ar  plasma 
(see  Fig.  1 8).  The  analogous  increasing  of  the  heat  flux  was  fixed  in  air  plasma  [55]. 
At  that  time  in  Ref{501it  wasxompared  the  results  of  measurements^  of  tiie  ablation 
of  the  sphere  flying  with  the  velocity  V  =  23  it)  m/sin  plasma  and  air  heated  to  the 
plasma  temperature  (  T  =  1400  K  )  and  it  was  discovered  tbe  substantial  decrease 
of  its  value  in  decaying  plasma  (  t  =  1.7ms  )  ~  4  times  as  in  air  fliat  po^  at 
decreasing  the  heatflux  in  plasma  ifie  decrease  of  the  ablation  and  the  heat  flux^m 
plasma  in  comparison  with  air  can  be  connected  witir  decreasmg^  number  M  m 
plasma  and  the  stagnation  temperature  fiehind  the  shock  wave  . 

Thus  the  whok  comply  of  xlata  obtained  in  firee  fli^itr  in  shock  tubes  and  m 

aerodynamic  tunnels  points  that  the  reason  of  gasdynamic  anomalies  arising  by  the 
movement  of  shock  waves  and  fiodies  in  plasma  is  peculiarities  of  the  propagation 
of  the  sound  in  it.  These  peculiarities  are  caused  fiy  the  difference  of  parameters  of 
relaxation  processes  (  time  and  velocities  of  relaxation  and  etc)  under  flie 
propagation  of  smaE  perturbances  in  air  or  other  relaxing^  Bases  and  m  plasma^ 
Therefore  the  investigation  of  physico-chemical  processes  by  the  propagation  of 
sound  and  shock  wavesin  plasma  is  of  the  greatest  interest  nowadays.  But  simiiar 
investigations  were  carried  out  not  much  till  now  and  they  have  a  contradictory 
chsT^ctcr 

Some  experimental  investigations  of  the  behavior  of  the  charged  component 
of  discharge  plasmafoy  passing  it  the  shock  wave  were  carried  out  in  shock  hfoes  of 
the  electrical  discharge  type  |56-58].  The  experiments  were  conducted^m  ^ 
longitudinal  discharge  under  conditions  of  the  lestriction  of  the  plasma  field  by 
walls  of  the  working  sections  of  shock  tubes.  In  Re£  [59]  the  vatical  discharge  did 
not  touch  shock  tube  walls.  Shock  waves  in  all  the  articles  were  generated  by 
impulse  electrical  discharger,  in  some  shodc  tubes  one  could  obtain  usual  diock 
waves  with  the  long  uniform  profile  of  the  pressure  behind  their  fionts  and  shock 
waves  of  a  blast  type.  Single  and  double  probes  ,  SHF-  inteiforometers,  mass- 
spectrometers,  schlieren-systems  and  other  ttevices  were  used  in  these  experiments 

for  the  measurement  of  plasmaparameters. 

As  a  result  of  investigations  in  Refs.i56y57J  it  was  revealed  that  there  is  the 
jumping  increase  of  the  electron  concentration  Ue  at  the  shock  front  in  argon  and 
nitrogen  plasma  (see  Fig.3  k32  )wifli  ne  increasing  hy  the  discharge  current  growth. 
This  phenomenon  is  accompanied  by  the  pimping  decreasing  of  the  electron 
temperature  Te  behind  the  shock  fiont  lS-2  times  as  before  it  (  Fig.3 1,32  ).  The 
value  of  the  Ue  jump  at  the  front  of  the  shock  wave  depends  on  the  orientation  of 
the  electric  fields  of  the  discharge  and  of  the  shock  wave  ( the  ambipolar  field  of  the 
shock  wave  appears  because  of  the  difliision  of  electrons  at  its  front ).  The  ^ue  of 

the  ne  jump  behind  the  shock  front  by  die  identical  orientation  of  the  electric  fields 

is  considerably  larger  than  by  the  usud  gasdynamic  compression.  The  electron 
concentration  under  the  opposite  orientation  of  the  rfields  remains  the  same  as  in 
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case  of  the  gasdynamic  compression.  There  are  the  similar  nneven  changes  of  the 
concentrations  of  ions  ,  N"  ,  O"  ,  OH  ",  0",  N3"  at  the  shock  wave  front  m 

nitrogen  discharge  plasma  (  see  Fig  J3).  It  is  necessary  note  that  changes  of  the 
concentration  of  charged  particles  and  of  the  electron  temperature  correspond  with 
the  character  of  the  change  of  the  density  hehind  the  shock  wave. 

In  Ref.[58]  it  was  confronted  data  of  measurements  of  the  pressure  p,  the 
density  p  the  luminosity  of  plasma  J  and  the  electron  concentration  while 
passing  the  shock  wave  frirough  plasma  of  a  glow  discharge  (  see  Eig34  )  .  It^as 
ascertained  that  in  plasma  the  shock  wave  erodes,  the  jump  ne  arises  at  frs  Iroih 
and  the  plasma  luminosity  decreases  .  All  the  effects  correlate  witii  other  m 
with  the  character  of  the  ehange  of  the  density  at  the  shock  wave  front  So 
maximum  rie  conforms  the  minimum  of  the  hmiinosity  of  pksma  that  pomts  ^ 
existence  of  processes  of  die  stimulated  ionization  with  the  participation  of  the 

excited  particles  at  the  shock  front  in  plasma.  i,  u  r 

Conducting  the  experiments  in  the  decaying  plasma  of  CO2  the  authors  o 
Ref  [58]  discovered  two  maxima  ne  (f'ig.35  ).  The  former  was  indentified  ^ 
leader-precursor.  The  velocity  of  its  propagation  (  ~  5<)km/s  )  is  much  more  thaa  the 
shock  wave  velocity.  The  second  of  die  maxima  is  caused  by  the  compression  ot  the 

electron  component  of  plasma..  ,  ^  u 

In  Refs,[59,60]  it  was  fulfilled  the  probe  measuring  in  the  free  gtow  discharge 

in  air.  The  measurements  were  conducted  in  the  steady-state  discharge  and  in  the 
discharge  perturbed  by  moving  shock  waves.  It  was  obtained  the  mdial  T^ 
distribution  in  the  steady-state  rhscharge  and  was  revealed  that  Te  is  constmt  aM 

is  equal  1-2  eV  practically  in  ail  the  discharge  field.  The  concentration  n  has  the 
bell  form  with  the  maximum  at  the  discharge  axis  (n^~  8  IO”,  see  Tig.  36  ) 

The  double  probe  investigation  of  the  plasma  conductivity  [59]  allows  to 
ascertain  that  shock  waves  influence  on  the  concentration  n^  .  The  n  dependence 

on  the  time  is  not  monotonousmidreffects  the  thre^wave  sfructmerif  shock  waves 
in  plasma.  The  concentration  n""  decreases  by  moving  the  leader,  die  precursor  and 

the  residual  wave  in  plasma.  The  first  minimum  n'"  is  placed  behind  the  precursor 
front  with  the  value  of  the  minimum  depending  on  the  probe  location.  The  n 
concentration  is  minimum  at  the  discharge  axis.  At  the  same  time  the  single  pr^e 
investigation  of  the  plasma  does  not  display  the  jump  potential  m  plasma  while 
passmg  shock  waves. 

The  experimental  discovering  of  the  compound  structure  of  shock  waves  m 
plasma  stimulated  theoretical  xesearches  of  the  distribution  of  plasma  parameters 
near  the  front  of  shock  waves  moving  in  weakly  ionized  gas  (  see  e.g.  Refe.[6i,62]). 
Although  these  researches  did  not  ascertain  the  nature  of  the  anomalous  phenomena 
nevertheless  they  confirmed  the  existence  of  electrical  precursors  hefore  shock 

waves  moving  in  plasma.  ■  r 

Studying  the  time  of  the  existence  of  the  anomalous  dynamic  properties  ot 

decaying  plasma  it  is  possible  to  clean  up  the  character  of  physico-chemical 
processes  taking  place  under  the  propagation  of  shock  waves  m  low  temperature 
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plasma.  First  such  investigations  were  carried  out  in  Ref.[63],  then  results  are 
shown  in  Fig.38  where  it  is  demonstrated  the  dependencies  of  the  propagation 
velocity  and  the  amplitude  of  the  shock  wave  moving  in  decaying  plasma  on  the 
time  after  interrupting  the  current  of  the  discharge.  In  this  reference  it  was  revealed 
that  in  the  diapason  of  the  time  0  <  x  <  -  Ims  ihe  shock  wave  velocity  is 

practically  invariable  and  then  it  decreases  exponentially  ( the  constat  of  me  ^ 
-lOrns  )  approaching  the  velocity  of  the  shock  wave  in  cold  air  in  the  tune  ~  s. 
The  amplitude  of  the  shock  wave  under  x  <  x  i  =1  ms  after  mterruptmg  the 
discharge  remains  without  changes  (  Ap  /  Ao  ~  0.2  )  too  and  ftien  it  mci^ases 
monotonously  up  to  the  value  Ao  (  Ap  ,  Ao  are  amphtudes  of  shock  wves  m 
plasma  and  in  cold  air  ).  The  intensity  of  the  luminescence  of  plasma  decreases 
sharply  after  the  interruption  of  the  discharge  current  (the  time  constant 
T~1.5mks  )  and  then  decreases  slowly  witiithetime  constant  x  ~3  .5ms.  Thou^the 
times  of  these  processes  correlate  each  other,  nevertheless  in  this  reference  these 
times  were  not  compared  to  the  characteristic  times  of  the  relaxation  processes  m 

^  In  detail  the  influence  of  the  shock  wave  on  the  piezoprobe  locating  in  the 
decaying  plasma  was  studied  in  Refs.[51,53|.  The  specific  peculiarity  of  the  shock 
wave  propagation  in  plasma  is  its  splittii^  by  entering  the  discharge  field  mto  two 
following  each  other  waves:  the  precursor  (  die  high  fiequency  part  of  the  shock 
wave  )  and  the  residual  wave  (flie  low  fi:equency  part  of  the  shock  Tvave  ).  hifliese 
Refs. [5 1,53]  it  was  studied  the  dependence  of  the  signal  of  the  piezoprobe 
registering  both  waves  on  the  time  ,  The  experiments  were  carried  out  in  decaying 
plasma  of  the  glow  discharge  under  the  pressure  p -=  33  Torr  and  tiie  shock  w^e 
velocity  ( in  the  absence  of  discharge)  V  =  b25m/s.  As  a  result  of  these  researches 
supplemented  with  Ref  tb3]  it  was  ascertained  flie  next  characteristic  times  of  flie 
process  of  the  propagation  of  flie  shock  wave  in  decaying  plasma;  x  2  =fi-7msis 
the  time  of  evening  the  amphtudes  of  the  precursor  and  flie  residual  wave; 
X  3  ~  50ms  is  the  time  of  separate  existence  of  the  precursor  and  the  residual  wave, 
T  4  ~  100s  is  the  time  of  restoration  of  the  amphtude  and  the  structure  of  the  shock 
wave  in  decaying  plasma  to  the  values  in  cold  air. 

In  Ar  it  was  ascertained  only  two  of  the  characteristic  times  .  x  2  ~  1 5ms  is  the 
time  of  equalizing  the  amplitudes  of  the  precursor  and  the  residual  wave, 
X  3  ~  150ms  is  the  time  of  separate  existence  of  the  precursor  and  of  the  residual 

wave.  .  .  , 

The  estimates  conducted  in  -Re£[53J  show  that  the  time  of  decreasmg  the 

concentration  of  the  charged  particles  in  decaying  plasma  one  hundred  times  is 
equal  ~  2ms.  This  time  correlates  with  the  time  x  1.  During  the  time  x  t  the 
amplitude  of  the  shock  wave  and  its  velocity  are  not  changing.  The  rest  of  the 
characteristic  times  (excluding  X4)was  not  identified. 

The  investigation  of  the  shock  wave  reflected  by  the  plane  wall  was  earned 
out  in  Refs.[64,65].  The  experiments  were  conducted  by  the  pressure  p=  3-30  Torr, 
the  current  density  in  the  discharge  j  =  30mA/cm\  the  velocity  of  the  shock  wave 
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in  cold  air  Vo  =400-600m/s,  the  duration  of  the  flow  of  shock-compressed  gas 
t=150-200mks.  The  fall  shock  wave  in  plasma  was  of  the  typical  three-wave 
structure  ( the  leader,  the  precursor,  the  residual  wave  ).  Under  the  reflection  of  flie 
shock  wave  propagatmg  in  pla^na  from  the  wall  there  is  the  interaction  of  its  falling 
and  reflected  elem^ts.  That-conducts  to  mudi  more  erosion  of  flie  reflected 5hock 
wave  than  the  falling  wave  (  see  Fig39  %  M  the  same  tune  the  specific  plasma 
formation  arises  near  the  plane  wall.  All  first  it  envelopes  the  field  ~3  r5cm  from  the 
wall,  then  it  squeezes  into  the  region  ~2cm  from  the  walk  The  tune  of  its  arising  is 
~200ms,  if  the  experimental  conditions  are  following  :  Vo  "=50em/s,  p^^ll  Torr, 
p  ^  /  p  Q=lj  where  index  e  is  concerned  the  plasma  frimrationy  index  fl  is  coiKjemed 
cold  air.  This  formation  is  founded  in  the  frozenatate  for  a  sufficiently  longtime.  Its 
life  time  depends  onThe  pressure  ^  x^flGms under  po=i2Torr  and  t  =?200Gms 
under  po  =30Torr.  Afrer  that die  disintegration  of  the  plasmic  formation  takes  place. 
The  concentration  nf  the  electrons  by  all  that  decreases  the  first  as  ~13  times  and 
then  restores  up  to  it«  initial  level  existed  befine  die  disintegration  of  diis  frirniation 
[65].  And  so  the  plasma  conduction  decreases  as  ~  2  times.  Thus  the  plasma  near 
walls  shows  the  higher  fiielectrical  properties  dian  usual  plasma  of  the  glow 
discharge  . 

Of  course  the  obtaining  of  the  new  information  on  xietails  of  physico¬ 
chemical  processes  proceeding  by  the  movement  of  shock  waves  in  plasma  is  an 
important  result  of  the  researches  camedout-,  but  the  role  of  these  processes  in  the 
rise  of  the  finnmalies  of  the  propagation  of  sound  and  shock  ivaves  in  mon- 
equilibrium  plasma  is  not  disclosed  up  to  xiate . 

Reviewing  aU  the  ^fordi  information  we  can  affirm  that  all  the  gasd5mamic 
^nnmalips  arising  by  the  movement  of  shock  waves  and  bodies  in  non-equilibrium 
plasma  are  stipulated  by  the  pecutiarities  of  die  propagation  of  sound  waves  m 
relaxing  media  and  in  the  end  by  the  physico-chemical  processes  taking  place  in 

plasma.  ^ 

0S-70  /.  9f  fs' 
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Fig.2  Diapason  of  change  of  numbers  M  and  Re  in  free  flight  experiments: 
l)BU-88,  freon- 12;  2)BU-88,  air;  3)trajectoiy  of  cosmic  probe,  enter 
velocity  Ve  =8km/s;  4)trajectory  of  cosmic  probe,  V^^llkm/s;  5)trajectory 
of  middle-  range  rocket;  6)trajectory  of  long-range  rocket;  7)Re=2-10  . 


Fie  3  Optical  scheme  of  BU-88  installation:  1)  spark  sources;  2  8)  objectives; 
*  3)tum  mirrois  ;  4)  glass  window  ;  5)  coordinates  system;  6,10)  cassete, 

7)pressurized  chamber  ;  9)  knife. 


24 


cn  .  ~ 


•s 


oo 


-  - 

Oh  Vh 


P 

PQ 

O 


tN 


<U 


^  ■^— t 
^ 


(L> 


O 


■o 


25 


Fig.5. Scheme  of  electrical  discharge  shock  tube;  l)electrical  discharger  ;2)shock 
tube;  3)two-chatinel  schheren  system;  4)discharger  chamber  ;  5)pressurized 
chamber  witli  vacuimi  equipment ;  6)shitted  bar  with  probes. 


Fig.6.  Flow  arouiid  segmental  disk  (R/d=1.5;  d=28mm)  in  freon-12,  p=0.04MPa, 
number  M  ;  a)2. 6;  b)3.9;  c)4.3;  d)6.7. 
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Fig.8.  Scheme  of  meGliaiiism  of  ionization  relaxation  beliind  shock  waves  in  inert 
gas  [29];I-chaimel  of  anomalous  relaxation  with  regeneration  of  excited 
particles  A*;  Il-channel  of  relaxation  with  irreversible  distniction  of 
particles  A  ,A2  . 
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Fig.9.  Distribution  of  components  concentration  behind  shock  wave  in  Xe  [29]. 

[A]=[Xe] .Parameters  before  shock;Mi=16.8,pi=^3.3-10-^  g/cni^Ti=300K.[A*]i 
=[A  ]i=3-10^2cj^-3j  [e]i=10‘^cin'^Kinetic  coefficients,cm^/s:  ki.i=2.5-10‘^- 
VT-exp(-104400/T);  ki,3=1.7-10-^^^VT-exp(-25520/T);  k2,i=10"'T/°'’^;  kj.j^lO'"^; 
k2..3=10-^exp(-104400/T,);  k2.5=10'^T/°-^^;  k3.,3=10‘^exp(-37120/T,), 
k3.i=10‘V‘.  Equihbrium  parameters:  [A2e^=10‘^cm‘^,  [A,"]=7- 10^ W:  . 

l)without  regard  for  absorption  of  emanation  by  ions  A2  ;  2)with  regard 
for  absorption  of  emanation;  ki,4=1.8-10V*,  kV4=2-10^s'‘. 
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Fig.  10.  Distribution  of  gasdynamic  parameters  and  behind  shock  front  in  Xe 

(parameters  before  front  are  the  same  as  on  Fig.9)  [29];  l)without  regard 
for  absorption  of  emanation  by  ions  Xe2^ ;  2)  k'1.4  =9-10's‘ ,  kV4'=10  s  ; 
3)kV4=1.8'10'^  s-\  k'1.4  =2-10V;  4)  kV4=1.4-10V,  kV4=6-10V.  2-4)with 
regard  for  emanation  absorption,  J(AA,)=10''-2-10''  Wt/cm^  in  field 
AA,=200-500nm. 


4. 
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Fig.ll.  a)Dependence  px  on  M  (p-pressure  before  shock,  x-relaxation  time): 
l)experiiuent  [66];  2)  experiment  [67];  3)  calculation  [30]. 
b)  Hugoniot  ‘  s  adiabat  for  states  behind  shock  wave  in  Xe  (pi  =5Torr, 
Ti=300K):  1-  eqiiihbrium  state,  2)frozen  state;  3-5)nonequihbrium  state 
V=4km/s:  Xo=0.5cm;  V=2km/s:  Xo=4cm  (xo  -length  of  relaxation  zone). 
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Fig.  13.  Neutral  curves  M=M(Xi)  for  segmental  body  (d=27imn,R/d=l. 5)  in 
lTeons-12,  1 14  and  their  mixture  with  inert  gases; 

a) freon-12  and  its  mixture:  1)F-12;  2)F-12+F-114;  3)F-12+Ar;  4)F-12+Xe; 

b) freon-114  and  its  mixture;  1)F-114;  2)F-114+F-12  3)F-114+Ar- 
4)F-114+Xe; 

p~0.04]VlPa  is  mixture  pressure,  pi  is  partial  pressure  of 
admixture,  Pfi2,ii4  ~  0.04(1-Xi  )  MPa  is  pressure  in  pure  freons. 
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Fig.  14.  Neutral  curv'es  in  freon- 12  for  sphere  of  clifferent  diameters  d;l)10mm,2)20 
3)27.  Diirk  poiiils:  flow  is  imsteady;  light  points:  flow  is  steady. 


Fig.  16.  Xe  spectnmi  in  shock  wave  for  abnormal  relaxation  regime  obtained  in 
low-pressure  tunnel. 
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Fig.  17.  Xe  spectrum  in  shock  wave  for  abnormal  relaxation  regime  obtained  in 
shock  tube. 
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Fig.  18.  IF  adniixture  iiiniicncc  on  heal  Ilux  (a)  and  on  Ar  excited  atom 
coiiceiitratioii  iii  shock  wave  (b). 
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Fi^  19.  Reliilivc  aiiipliliiclc  ol  pulses  ol  bow  shock  wiive  detached  Irom  segmental 
body  (R/d==1.5,  d=27)  A/d  versus  number  M  in  freons  and  their  mktures. 
F-12,  p:J)0.04MPa;  2)0.03;  3)0.017;  4)0.012; 

mixtures,  p=0.04MPa;  5)0. 75F- 12+0. 25Ar;  6)0. 5F- 12+0. 5Xe, 7)0. 75F- 
12+0.25Xe; 

F-114,p:  8)0.04MPa;  9)0.02;  10)0.01;  11)0.005; 

mixtures,  p=0.04MPa;  12)0.5F-114+0.5Ar;  13)0.75F-114+0.25Ar;  14)0.5F- 
114+0.5Xe;  15)0.75F-114+0.25Xe. 
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Fig.20.  Drag  coellkient  of  splicre  iii  freon- 12  and  air  versus  number  M. 
Freon-12;l)Re=1.5-10’,  2)2- 10^[23];  aii;  3)Re>2-10'^  [68], 
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Fig.21.  Fir-stmctiire  of  wake. 
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Fig.22.  Flow  arornid  sphere  iii  air  plasma  [46,47],  V-2100m/s;  d  20mm;  plasma 
pressure  is  40  Torr,  its  temperature  is  ~1400K  [46,47], 
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Fig.26.  Cliaracter  of  cliaiige  of  pressure  in  centre  of  decaying  plasma  of  air  (2-5) 
and  of  At  (7-10)  when  mo\dng  shocks  tlirougli  glow  discharge  in  different 
intervals  of  time  after  current  mtemiption  h;  1,2-air  and  Ar  -without 
ionization  (p=33Torr,T^293K).  Temperature  of  plasma  is  1420Km  air  and 
lOOOKiiiAr. 
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Fig.27.  Ratio  pp/pg(pp  is  pressure  behind  precursor  in  plasma,  p^is  pressure  behind 
shock  wave  in  air)  as  a  fimction  of  number  M.  Calculation  [49];  l)static 
pressure,  2)stagnation  pressure,  3)  pressure  beliind  shock  wave  reflected  on 
flat  wall;  experiment;  4)[39,40];  5)[51]. 


Fig.  28.  Character  of  change  of  relative  amplitude  of  precursor  in  decajong  plasma 
of  air  (1),  Ar(2)  and  mLxture  0.1Ar+0.9air  (3).  Ap,Ac  are  amphtudes  of 
precursor  in  phisma  and  shock  wave  in  iionioiiized  gases. 
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Fig.29.  Geiieralizuig  of  results  of  measureineiit  of  drag  coefficient  of  blunted  bodies 
in  different  gases. 

Sphere,  y  ;  1)1.14,  2)1.29,  3)1.41,  4)1.67[69,70];  5)1.41[68]; 
segment  (0,,==60^^),  y:  6)1.14,  7)1.41,  8)1.67[4]; 
blunted  cone  (0c=6O°),  y:  9)1.16,  10)1.14  [71]; 
segment  (0c=7O'^),  y;  11)1.14,  12)1.41[4]; 
blmitedcone  {Q=70%  y:  13)1.16,  14)1.41[71]. 


Fig.30.  Drag  coefficients  of  sphere  Cx  and  Cx  =Cx  /  po  (  p'o=2pV  pV^)  in 
different  mediimis: 

Cx,  p==2kPa;  l)air  (T=290K);  2)air  (T=r250K);  air  plasma  (T=1250K); 
Cx ,  p=2kPa;  4)aLr  plasma,  5)aLr; 

p=0.1MPa:  6)air,  7)C02,  8)Ar,  9)  CF2CI2. 
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Fig.31.  Concentrations  of  charged  particles  n  and  electron  temperature  near 
shock  front  in  argon  plasma  [56]. 


Fig.32.  Concentrations  of  charged  particles  n  and  electron  temperature  near 
shock  front  in  nitrogen  plasma  [57]. 
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Fig.33.  Ions  concentration  near  front  of  shock  wave  in  discharge  nitrogen  plasma 
[57],  A,,%. 
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Fk  14.  Character  of  change  of  pressure  p  (ah  of  density  p  (b),  of  plasma 

luminosity'  J(c  )  mid  of  electron  concentration  iic(d)  with  time  durmg 
movement  of  shock  wave  in  plasma  (1)  and  in  cold  air  (z,). 
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Fig.35.  Oscillograms  of  SHF  signals  in  CO2  plasma  of  pulse  discharge  ; 

1) moment  of  entrance  of  shock  in  discharge  field; 

2) time  of  coming  of  shock  to  section  where  two  schheren-systems  are 
placed;  A,  B  are  maxima  of  n,;  channels  ki,  kj  are  placed  150mm  one  after 
another,  p=6Torr,  V=1200m/s. 
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Fig.36.  Radial  distribution  of  electron  concentration  n^  in  glow  discharge  .  Data 
are  obtained  by  3  methods  of  treatment  AV  characteristics. 


Fig.37.  Oscillograiiis  of  current  iinpiilses  of  double  probe:  x-  position  of  probe  with 
respect  on  axis  of  discharge  ,  imn;  position  of  shock  front  is  shown  by 
arrow. 


